The evaluation of fluid flow through fractures and faults is of primary importance for the long-term performance assessment of radioactive waste repositories in shale formations and could be used to assess CO 2 storage security or the integrity of caprocks and reservoir capacity. This study focuses on the structural evolution within brittle to ductile shear zone in order to understand permeability enhancement and sealing processes affecting a strike-slip fault system within the Toarcian shale formation from the Tournemire Underground Research Laboratory (URL), southern France. A combination of quantitative field measurements and laboratory and in situ experiments was used to estimate the fluid-flow properties of a fractured shale formation. Results indicate that microfractures govern the matrix porosity in the damage zone and play an increasingly dominant role in fluid flow along the boundary between fault core and fault damage zone.
Introduction
Gas and solute will always follow the channel of least resistance in their flow through low-permeability formations. When such media are transected by permeable faults or interconnected fractures, cross-formational flow could occur along these discontinuities (Lalieux and Horseman, 1996) . Assessing the amount of fluid flow through faults and fractures is, therefore, one of the main priorities for the performance assessment for a Deep Geological Repository (DGR) located in clay formations. Nevertheless, the hydraulic properties of such faults and fractures still remain difficult to predict due to their heterogeneous internal architecture. Bulk flow rates through or along fault zones are dependent on a number of factors including permeability variations, structural anisotropy, pressure differentials, and fluid viscosity (Caine et al., 1996; Evans et al., 1997; Cox, 1999; Wibberley et al., 2008; Faulkner et al., 2010; Seebeck et al., 2014) .
Moreover, measuring flow properties of fault zones is still subject to caution owing to the rare in situ flow data available which can be related directly to the structure of fault zones and surrounding rock volume (Evans et al., 1997; Wibberley et al., 2008; Faulkner et al., 2010; Seebeck et al., 2014) .
In the present study, mapping of a fault-zone structure and in situ hydraulic tests within small-scale strike slip faulting affecting the low-permeability Tournemire shale formation in the Tournemire Underground Research Laboratory (URL) were combined.
The Tournemire URL has been developed by the French Institute for Radiological Protection and Nuclear Safety (IRSN) in order to ensure an independent assessment of the French National Radioactive Waste Management Agency's (ANDRA) Cigeo project (industrial geological disposal centre). Located on the western border of the Mesozoic sedimentary Causses Basin (SW France), the Tournemire URL crosses a thick Toarcian shale formation ( 250 m) and is interbedded between two aquiferous limestone units. In addition to the 250 m thick overlying limestones, the hydrogeological characteristics of this site exhibit similarities with those measured by ANDRA in the CallovoOxfordian argillaceous formation at the Bure URL (Meuse/Haute Marne, France).
One of the objectives of IRSN's research programs is to evaluate the driving processes controlling water flux, and thus radionuclide migration, through an argillaceous formation. Because such rocks display very small values for both hydraulic conductivity (K h ) and water content (u e ) (Matray et al., 2007) , diffusion is considered to be the main transport mechanism governing radionuclide migration. The occurrence of natural fractures in such formations allows increasing water flux and thus radionuclide migration, however (Savoye et al., 2003) .
Fluid circulations along the strike-slip fault zones at the Tournemire URL occurred principally during the two Pyrenean compressive tectonic events that affected the Causses basin (Constantin et al., 2004; Lefevre et al., 2014) . The first tectonic phase enabled fluid flow along pre-existing bedding and brecciated shear zones, whereas the second phase is only associated with shearing within the fault core (Lefevre et al., 2015) . The microstructural study of these faults indicate that they were alternately and temporarily impermeable, permeable, or semi-permeable during the tectonic activity (Constantin et al., 2004) . These hydraulic states were controlled by the nature and the architecture of the microstructures and by variations in the petrophysical properties of the rock in the fault core and damage zone of the faults (Constantin et al., 2004) .
Accurate detection of such faults in clayey rocks from surface geophysical surveys and from existing underground drifts remains a major challenge, even using highresolution seismic surveys. For this reason, IRSN carried out a 3D high-resolution seismic survey 250 m above the Tournemire URL on the Larzac plateau in an attempt to detect the fault zones described above (Cabrera, 2002) . This survey covered an area of 1.5 km 2 with 846 shot points and around 900 receive points. The trace spacing was 10 m, with frequencies ranging from 40 to 140 Hz, while the vertical resolution was a few meters. Due to the shale's weak seismic impedance contrast and the small vertical offset, the fault zone could not be identified in the shale formation. The subvertical fault was successfully picked out by the seismic data in the limestone layer underlying the shale formation, as well as at the interface between these two layers, however. Furthermore, because of the poor spatial coverage of seismic data in the upper limestone, the poor signal-to-noise ratio of the seismic data at shallow depths, and the presence of karsts in the upper limestone layer, the fault zone was not detected in the upper limestone formation.
Considering that such structures might be overlooked during the site characterization of a DGR, an evaluation of fluid flow through these faults and fractures appears important for the DGR safety assessment. Consequently, IRSN has designed a series of in situ and laboratory experiments to evaluate permeability-porosity evolution through a clayrich fault zone and in an undisturbed shale formation.
Materials and methods
The Tournemire URL is crossed by two main fault zones (F1 and F2) separated by a relatively undisturbed protolith (Bretaudeau et al., 2014) . The internal architecture and the geometry of the fault zones were determined by small-scale mapping of the galleries' walls and floor and through the geological and geophysical logging of .25 boreholes (Figure 1 ). F1 and F2 have a similar dip and dip-direction varying spatially between N1708-to-N0108 and 608-to-808W (Lefevre et al., 2015) and are characterized by reverse left-lateral strike slip movement (Peyaud et al., 2006) . The F1 fault zone exhibits a complex array of anastomosed fault surfaces consisting of brittle fractures and ductile shear bands, whereas F2 presents two main architectural elements: a central fault core which accommodates most of the displacement and a surrounding fault damage zone. The F2 fault core is 1 to 2 m thick and consists of thin dark bands of centimeter thick gouge, cataclastic and brecciated rock, as well as subvertical schistosity planes, folds and also lenses of less deformed rock ( Figure 2 ). The damage zone is 4 -5 m wide in the hangingwall and 2 -3 m wide within the footwall. The damage zones, if formed by a dense network of small faults, fractures, and veins, were completely sealed by crystalline calcite. Bedding planes in the damage zone and undisturbed protolith dip gently towards the North (5 -108). However, a gradual increase in bedding plane dip can be seen towards the fault core. The boundary between the protolith and the damage zone is diffuse, whereas the boundary between the fault core and damage zone is sharp and is lined by a thin band of gouge. A dolomitic horizon marker crossed by several boreholes on either side of the fault suggests that the amount of slip perpendicular to strike is 4 -6 m while slip along strike is estimated to be between 15 and 30 m (Figure 2) .
Rock samples were collected from the fault zone and from the undisturbed rock through a 50 m long horizontal borehole (FR1). Geological mapping and borehole logging methods (optical borehole imaging, resistivity, spectral gamma-ray, and magnetic susceptibility) enabled the accurate localization of the fault zone, the selection of representative shale samples (undisturbed and fractured), and the performance of mineralogical and petrophysical characterizations.
To understand the background of mineral assemblages and the average clay contents of the shale formation, 15 powdered samples, extracted from the undisturbed, damage, and fault core zones, were examined by X-ray diffraction (XRD) analysis. To identify and quantify clay minerals of clay-size fraction, glass slides of oriented samples were made. All samples were disaggregated in distilled water and after centrifugation, draft suspensions of ,2 mm were deposited on glass slides. Further, ethylene glycol was used to hydrate the clay samples so as to recognize swelling clays (illite-smectite interstratifications). In addition, six samples (two from the fault core and four from undisturbed shale) were analyzed to determine both specific surface area values based on the BET equation (Brunauer et al., 1938) , and pore-size distribution calculated by the Barrett-Joyner-Hallenda (BJH) method (Barrett et al., 1951) .
Immediately after drilling operations, a Modular Multi-Packer System (MMPS) was installed in the borehole for hydraulic testing (pulse-test) within the fault zone and adjacent, undisturbed rock. This device allows up to three individual packer modules with a diameter of 101 mm to be coupled in a variety of configurations. Each packer module consists of a stand-alone unit with a packer inflation line and both flow-and pressuremeasurement lines. Packer pressures are controlled by a manometer installed in the control unit, while both a manometer and a pressure transducer control interval pressures. The chosen configuration consists of two 20-cm intervals (P1 & P3) and one 3-m interval (P2); each interval is sealed by 150-cm long packers. The P1 and P3 Figure 1 . Simplified map of the Tournemire Underground Research Laboratory (URL). The spatial distribution of the fault zones was determined from borehole logging and geological mapping from the galleries' floor, walls, and roof. The three main components of the fault zones are: the fault core, the damage zone, and the undisturbed protolith. The fault core corresponds to the area of the fault zone where the majority of the displacement has taken place and includes gouge, cataclasite, kink bands, and subvertical schistosity. The damage zone forms an intermediate zone from the fault core to the protolith. The damage zone includes small faults, brittle fractures, and veins. The protolith represents the undeformed or non-fractured rock. The boundary between the protolith and damage zone is gradual while the boundary between the damage zone and fault core is sharp. intervals are located in the undisturbed footwall and hangingwall blocks, respectively, whereas the P2 interval is centered within the fault zone in order to measure the hydraulic conductivity of the fault core and the adjacent damage zones. All test intervals were saturated with water from the upper aquifer, the composition of which is close to that of interstitial shale waters to avoid any osmotic and chemical effects. Pulse tests were carried out immediately after initial pressure recovery by an injection of a known water volume. Injection pressures of 1 bar were instantly generated with a hand pump.
The total porosity of the rock was determined using a multi-scale approach; (1) by volumetric and gravimetric methods for bulk properties; (2) Broad Ion Beam (BIB)/ Focused Ion Beam (FIB)-Scanning Electron Microscopy (SEM) techniques for macro-porosity investigations; and (3) autoradiography methods using the C-14-PMMA impregnation technique (Sammaljärvi et al., 2012) developed to investigate the meso-to nano-porosity and pore structure in the rock matrix.
Results and discussion

Fault architecture
The studied fault zone is characterized by two major components: a damage zone and a fault core (Figure 2) . The fault core consists of a heterogeneous brittle to cataclastic zone where localized slip occurred principally along a thin (0.5 -2 cm thick), fine-grained Figure 2 . (a) Conceptual model of the Tournemire fault zone. The fault core is characterized by subparallel anastomosing gouge bands that isolate lenses of undeformed rock or brittle-to-ductile structures such as subvertical schistosity, folds, fractures, and veins. The damage zone is characterized by low-dipping brittle structures (fractures and veins) and sub-horizontal bedding. The protolith presents large-scale regional deformation and no fractures. (b) 400 mm diameter core sample extracted from the fault. The core shows the heterogeneous deformation patterns within the fault, e.g. lenses of highly strained shear zones surrounded by less strained rocks (damage zone structures). black gouge. Throughout the fault plane, the total thickness of the fault core varies between 0 to 1.5 m. The damage zones include brittle fault-related deformation structures such as small faults, veins, fractures, and cleavage as well as sub-millimetric clay smears along brittle deformation bands. Strain inferred from anisotropy of magnetic susceptibility measurements indicate heterogeneous structural fabrics within the fault core, whereas the damage zone exhibits a progressive increase in deformation fabrics from its distal to internal domain (Dick et al., 2013) .
Porosity
Petrophysical results (Figure 3) indicate that the damage zone domain closest to the fault core and with the greatest abundance of deformation features also exhibits the largest porosity values (15 -20%). In contrast, the smallest porosity values ( 10%) were detected in the less deformed damage zone at greater distance from the fault core. Furthermore, due to localized grain crushing and fluid flow in shear bands within the fault core, the slip zone gouges can locally exhibit extremely low porosity values (,4%).
The preliminary results of the two imaging techniques used (BIB/FIB/SEM and autoradiography) display different trends. On the one hand, porosity values determined by autoradiography (Figure 4) for the undisturbed shale are consistent with those measured by petrophysical methods ( 11%). On the other hand, results obtained from BIB-FIB-SEM ( Figure 5 ) methods lead to smaller porosity values (1%) and lower pore interconnectivity, which is inconsistent with properties of Upper Toarcian argillaceous rock generally proposed in the literature (Altinier et al., 2007; Bensenouci et al., 2011) . Such discrepancies may result from the different pore sizes investigated within these different methods. Indeed, the autoradiography method takes into account a larger part of the shale's pore network (diameter ! 4 nm) than does BIB-FIB-SEM (diameter ! 10 nm) and, thus, is more efficient at characterizing the variability in the shale's microspatial porosity.
The results show that shale samples taken from the fault zone are characterized by specific surface area values ranging from 21.68 m 2 . g 21 to 22.84 m 2 . g
21
. These values are close to the mean specific surface area determined for the undisturbed rock samples (24.08 m 2 . g 21 ) which is in good agreement with literature data (Savoye et al., 2001) . The results also show that both undisturbed and fault-zone shale samples are characterized by a pore network comprising 30% of micro-pores (diameter ,10 nm). Moreover, 70% of this micro-porosity consists of pores with a diameter of ,6 nm. For the petrophysical measurement results, specific surface area and pore size distribution values don't show large discrepancies between undisturbed rock samples and shale samples taken from the fault zone. Such results indicate that the fault zone also contains undisturbed shale blocks in addition to the fractured rock.
Mineralogy
The major mineral assemblages via bulk XRD experiments are identified as quartz, feldspar, carbonates, and phyllosilicate minerals such as illite, kaolinite, and chlorite. The bulk XRD analysis showed no significant mineralogical variations across the fault zone. Clay minerals of ,2 mm from the samples are illite, smectite, chlorite, and kaolinite, and were estimated by the semi-quantitative XRD method (Biscaye, 1965) . The average relative percentage of illite and illite-smectite interstratifications for all the samples are 40% and 10%, respectively, but they decrease to 25% and 7% in the gouge of the fault core. The relative percentages of chlorite and kaolinite for all samples vary between 12-16% and 32 -43%, respectively, but chlorite diminishes to zero and kaolinite increases to 63-72% in the fault gouge.
The semi-quantitative results on clay minerals from XRD analysis show significant anomalies in the fault core with regards to the undisturbed and damage zone. The decrease in chlorite, illite, and illite-smectite interstratifications and the increase in kaolinite for the black-gouge zone of the fault core suggest a high degree of fluid-rock interaction and probably attest that palaeofluid channels were created within or directly adjacent to the fault core (Rossetti et al., 2010) .
Hydraulic pulse-tests
The fault zone permeability structure was determined through a series of hydraulic pulse-tests. The nSIGHTS (n-dimensional Statistical Inverse Graphical Hydraulic Test Simulator) code (Nuclear Waste Management Program, 2006) was used for analyzing formation pressure responses in order to identify whether the hydraulic properties of the fractured clay materials differ statistically from that of the undamaged formation ( Figure 6 ). Preliminary pulse-tests performed in the fault zone indicated hydraulic conductivities of 5 . 10 212 m s 21 in the fault core and overlapping damaged zone and 10 214 m s 21 in the adjacent undisturbed shale. These results were consistent with those derived from petrophysical, structural, and mineralogical data. Diagnostic plots revealed that the late-time pressure derivatives never stabilized to a constant value in the tested intervals, however, suggesting that no stable flow dimension was reached during these tests. The volume of fractured rock tested through different pulses in the same interval tended to exhibit heterogeneity that could not be represented by a single flow dimension. Thus, on the basis of the current experiments, calculation of exact hydraulic conductivities was not possible. As shown by many authors (e.g. Bourdet, 2002; Beauheim et al., 2004; Renard et al., 2008) , no unique hydraulic properties can be inferred analytically in that case.
Summary and conclusions
The Tournemire URL gives access to an unaltered polyphased strike-slip fault zone in a relatively homogeneous shale formation. The fault zone architecture consists of a heterogeneous and anastomosing fault core bounded on either side by an asymmetric damaged zone. On the one hand, the damage zone shows (1) more permeable structures consisting of a high density of macro to micro-fractures (sealed with calcite or lined with a mm-thick layer of oriented clay particles) and (2) increasing bulk porosity values toward the fault core/damage zone boundary. On the other hand, the heterogeneous distribution in the fault core of cemented cataclasites, undisturbed to moderately cleaved rocks as well as fault gouges tend to indicate a general low bulk hydraulic conductivity behavior. The numerical analyses of the pulse tests performed in situ within the fault zone indicate that hydraulic conductivity values are between one to two orders of magnitude greater than in the undisturbed rock. The pulse injection tests also reveal that the present testing equipment may not be suitable for estimating precisely the hydraulic properties of such structures, however, as pulse tests on fault zones are prone to induce deformation along fractures and, thus, lead to erroneous permeability and storativity values (Rutqvist, 1996; Cappa et al., 2006) . Nevertheless, these results indicate that fluid flow within a moderately sheared shale formation is increased along the coredamage zone boundary and such small-scale faults cannot be overlooked in terms of the long-term safety of a geological repository. Figure 6 . Normalized pulse-test data in the fractured (shades of red) and undisturbed (blue or green) zones.
